INTRODUCTION
Oryctes baculovirus was discovered by Huger (1966) in diseased rhinoceros beetle (Oryctes rhinoceros L.) larvae in Malaysia. Since its first release as a microbial control agent in Samoa it has been spectacularly successful in controlling the coconut palm rhinoceros beetle throughout the tropics (Marschall, 1970; Zelazny, 1976; Bedford, 1980) . Or.vctes baculovirus is also the type species of subgroup C baculoviruses within the family Baculoviridae. Unlike subgroups A and B of this family, viruses of subgroup C are not found occluded within a crystalline protein inclusion body (Matthews, 1982) . Subgroup C baculoviruses have been found in a wide range of arthropod hosts including most insect orders, mites and crustacea (Crawford & Granados, 1982) . With the exception of Orvctes baculovirus and a virus found to infect the IMC-HZ-1 cell line persistently (Granados et al., 1978) , no other subgroup C baculoviruses have been shown to replicate in cell culture.
The first report of Oryctes baculovirus replication in cell culture was in a primary cell culture derived from O. rhinoceros (Quiot et at., 1973) . A further report of Orvctes baculovirus replication in SpodopteraJrugiperda (J. E. Smith) and Aedes albopictus (Skuse) cell lines (Kelly, 1976) has been disputed (Crawford, 1981) . Our paper provides details of Oryctes baculovirus replication in the cell line DSIR-HA-1179 (HA cells) derived from Heteronychus arator (F.) (Coleoptera: Scarabaeidae) (Crawford, 1982) . Viral morphogenesis, the infectivity of virus particles and the synthesis of viral proteins are examined.
METHODS

Virus and cells.
The Or),ctes baculovirus used in these experiments, denoted as strain PV505, is the strain used for the initial characterization of the virus nucleocapsid (Payne et al., 1977) . One frozen infected adult beetle was kindly provided by Dr C. C. Payne (Glasshouse Crops Research Institute, Littlehampton, U.K.). The midgut was dissected out, homogenized and filtered through a 0.22 jam membrane. The aseptic filtrate was used as an inoculum for HA cells. The virus obtained was cloned by three serial transfers at limiting dilution to give a virus stock with a probability of 600 : 1 that it came from a single virus particle. Virus particles and nucleocapsids were purified as previously described (Payne et al., 1977) . The HA cell line, used for all virus replication and morphogenesis studies, was derived from the scarab beetle H.
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arator (Crawford, 1982) . For these studies, the cells were grown in Schneider's medium (Gibco) containing 109/o foetal calf serum and 50 ~tg/ml gentamicin at 27 °C. Viruses were titrated using a tissue culture infectivity endpoint dilution assay (TCIDs0) performed in 60-well microtest II plates (Falcon) as previously described (Crawford & Granados, 1982) . The TCID50 titre was calculated by the statistical method of Reed & Muench (1938) . The titre was expressed in infectious units (IU) by assuming that the probability of infection of a single well was according to a Poisson distribution where IU = 0-69 x TCIDs0 titre.
Electron microscopy. Methods of sample fixation, embedding and sectioning have been described previously (Crawford, 1981 ) ; however, for these studies cells were fixed and em bedded in situ. The cells, grown as monolayers in 25 cm 2 plastic flasks (Falcon), were fixed, embedded and sectioned still attached to the surface of the flask.
Preparation of budded and cell-associated virus. Culture fluid (10 ml) from an infected HA cell culture at 72 h postinfection containing 2 x 106 cells was centrifuged (1000g, 10 min) to pellet any floating cells and the supernatant was retained. The cell pellet was returned to the flask containing the majority of cells still attached. Ten ml of fresh medium was added and the cells were disrupted by sonication for 30 s at full power with a Kontes sonicator (Vineland, N.J., U.S.A.) to release cell-associated virus. Budded virus was sonicated in an identical fashion. Microscopic examination of the flask showed that all cells and nuclei were disrupted. No attempt was made to purify further either the cell-associated (CA) or budded (Bud) viruses before they were assayed for infectivity as any purification step may have affected their viability. Sonication of the Bud virus preparation did not significantly alter its infectivity (data not shown).
Physical/infectious particle ratio determination~
To determine the physical concentration of virus particles the viral DNA content of the CA or Bud virus sample was assayed using DNA-DNA dot-blot hybridization (Thomas, 1980) . CA and Bud virus samples were pelleted (100000g, I h). The~ pellets were resuspended and incubated for 2 h at 37 °C in 300 ~10.1 M-Tris-HCI pH 8-0, 10 mM-EDTA, 0-1 ~o SDS and 0-5~ Pronase. The digested pellets were extracted three times with chloroform : phenol saturated with 0.1 M-Tris buffer (pH 7.6) : isopropanol (24 : 24 : 1).
The final aqueous phases and a sample of purified standard Oryctes viral DNA were melted (100 °C, 5 min), and a twofold dilution series was made. Five itl of each dilution was spotted on to a nitrocellulose membrane (MiUipore 0.45 ~tm). The filter was dried and baked (80 °C, 2 h). The viral DNA bound to the filter was then detected by hybridization to labelled DNA (Thomas, 1980) . The labelled DNA probe was prepared by nick translation (Rigby et al., 1977) Gel electrophoresis. The pulse-labelled cells were scraped from the surface of the flask and centrifuged at 1000 g for 5 rain. The supernatant was discarded and the cell pellet lysed in SDS-PAGE sample buffer (Laemmli, 1970) . Samples were electrophoresed on a 5 to 15~ gradient polyacrylamide gel with a 3~ stacking gel, using the discontinuous buffer system of Laemmli (1970) . The gel was impregnated with scintillant, dried, and autoradiographed with preflashed X-ray film (Bonnet & Laskey, 1974) . Molecular weight determinations were made by reference to ~*C-methylated myosin, phospborylase b, bovine serum albumin, ovalbumin, carbonic anhydrase and lysozyme (Amersham), with molecular weights of 200 000, 92 500, 69 000, 46 000, 30 000 and 14300 respectively. Unlabelled proteins from purified virus" and nucleocapsids were detected in gels using silver staining (Eschenbruch & Bfirk, 1982) .
RESULTS
Viral cytopathic effect and morphogenesis
The first sign of c.p.e, caused by Oryctes baculovirus in HA cells was that the fibroblast-like cells became spherical. Complete cytolysis, in which many of the cells fragmented, occurred within 3 to 4 days (Fig. 1 a) . This c.p.e, is the basis of the TCIDso assay used to measure viral infectivity (Crawford & Granados, 1982) . Repeated attempts to obtain virus plaques on HA cell monolayers have failed.
Despite examining between 500 and 1000 infected cells at 0-5 to 4 h and infecting cells at a very high multiplicity (approx. 100 i.u./cell), we found very few intracellular virus particles. 
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Virus particles were observed within vesicles near the plasma membrane (Fig. 2a) . This suggests that they enter the cell by pinocytosis. The only unenveloped nucleocapsid observed in this study was seen in the cytoplasm during the first 4 h of infection (Fig. 2b) .
The earliest sign of replication occurred in the nucleus at approximately 7 h where cleared, chromatin-free areas were observed (Fig. 2c, arrowed) . A few of the cleared areas observed at 7 h post-infection contained several enveloped nucleocapsids. By 12 h, however, replication was at its height, with large numbers of enveloped virus particles observed within the cleared area of the nucleus (Fig. 3 a) . Unenveloped nucleocapsids, as observed during morphogenesis of groups A and B baculoviruses, were never observed. However, empty nucleocapsid shells surrounded by a unit membrane were observed in the nucleus (Fig. 3 a, arrowed) . We therefore suggest that an envelope and nucleocapsid shell form first. The shell is then filled with an electron-dense core. Enveloped nucleocapsids were also observed arranged along the nuclear membrane (Fig.  3b) . As early as 12 h post-infection, virus was observed budding from the plasma membrane where it acquired a second unit membrane. From 12 to 36 h post-infection the cells showed little change. Virus was observed in both nucleus and cytoplasm and at both nuclear and plasma membranes. The cell in Fig. 3 (c) (16 h after infection) shows virus at later stages of morphogenesis. From 16 h envelope material accumulated (Fig. 3c, open arrows) within the cleared area of the nucleus. The greatest incidence of virus budding was observed at 16 h postinfection (Fig. 4a, b) . It continued to occur until at least 36 h after infection. A second unit membrane was acquired as the virus budded from the plasma membrane (Fig. 4a, white arrow) . Some extracellular virus rods cut transversely showed an unusual bulge in one side of the envelopes (Fig. 4a, b , closed black arrows). It is possible that this accommodates the tail-like structure Payne et al. (1977) first observed attached to the nucleocapsid.
Comparison of infectivity between cell-associated and budded virus
Our estimates of virus production from HA cells infected with Oryctes baculovirus showed 380 i.u. of Bud virus was produced per cell and that a further 300 i.u./cell of CA virus remained within the infected tissue. The Oryctes baculovirus D N A content of 5 x 105 CA i.u. and 6.5 x 105 Bud i.u. was estimated to be 2 ng using the dot-blot assay (Fig. 5) . The physical to infectious particle ratios are therefore 2.5 x 108 i.u./l~g CA DNA (24 genome copies/i.u.) and 3.2 x 108 i.u./~g Bud DNA (18 genome copies/i.u.) respectively. The difference between the ratios is not significant (P < 0.05). 
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Virus structural proteins and protein synthesis
A total of 27 proteins were detected in silver-stained polyacrylamide gels (Fig. 6 ). W h e n virus was treated with the non-ionic detergent NP40, which has been shown previously to remove the virus envelope (Payne et al., 1977) , 14 protein bands disappeared or were markedly reduced. It is therefore probable that these 14 proteins are contained in the envelope whereas the remaining proteins are associated with the nucleocapsid.
Pulse labelling infected cells with L-[35S]methionine at 2 h intervals during infection enabled the synthesis of only eight viral polypeptides to be observed. Oryctes baculovirus, like the 536 To  p46-5  4  20  p40  6  18  p27  6  30  p25  6  32  p22  6  28  pl3  6  36  pll.5  10  18  pl0 4 18 * Molecular weight was determined by co-migration with ~C-methylated protein standards (Amersham). t Duration of synthesis was assessed from autoradiographs as in Fig. 7 .
baculoviruses of subgroups A and B (Carstens et al., 1979; Dobos & Cochran, 1980; Wood, 1980) , did not depress host protein synthesis a great deal even when infected at high multiplicity (m.o.i. I00). The most abundant protein, p13 (arrowed), was synthesized up to 36 h after infection. The other proteins, however, ceased to be detected before this. A summary of these results is presented in Table 1 . All proteins except pl 1.5 were first detected between 4 and 8 h after infection (Fig. 7) . All the synthesized proteins detected are probably structural as their molecular weights all correspond to structural proteins detected on silver-stained gels (see Fig. 6 ) of purified virus. No protein synthesis analogous to the inclusion body protein synthesis found in subgroup A baculoviruses was observed. DISCUSSION Our studies on the morphogenesis of Oryctes baculovirus are summarized in Fig. 8 . The presence of virus in vesicles near the plasma membrane indicates virus entry by pinocytosis. We conclude that following entry the virus particles are rapidly degraded, as only one virus particle was observed in extensive searches of the cytoplasm and nuclear membranes between 0.5 and 4 h post-infection.
Oryctes baculovirus has been observed only as enveloped nucleocapsids in thin section (Huger, 1966; Payne, 1974) , whereas subgroups A and B baculoviruses form as naked nucleocapsids and acquire envelopes either during budding from the plasma membrane or before occlusion into polyhedra or granules . Our results showed that Oryctes baculovirus was observed as early as 7 h after infection in the nucleus of infected cells and it was always observed surrounded by a unit membrane. Electron-lucent or ~empty' nucleocapsids were occasionally observed in the nucleus. This has occasionally been observed with other subgroup C baculoviruses (Gouranton, 1972; Kim & Kitajima, 1984) . The probable morphogenesis of subgroup C baculoviruses is therefore that the envelope and nucleocapsid shell assemble first, followed by insertion of the electron-dense core containing the viral DNA. A subgroup C baculovirus from the parasitic wasp Mesoleius tenthredinis is the only other member of this group of viruses observed budding from the plasma membrane (Stoltz, 1980) . It also acquired a second unit membrane at the cell surface.
The productivity of Oryctes baculovirus infections (380 i.u. budded/cell) was higher than that of any other reported baculovirus-infected cells. This was probably because HA cells are large (Crawford, 1982) , occupying approximately three times the substrate surface area of TN368 cells and ten times the area of S. frugiperda cells. Our infectivity assay is approximately four times more sensitive than that reported for Autographa californica nuclear polyhedrosis virus in TN368 cells .
Our protein studies identified 15 proteins in addition to those previously reported to be associated with the virus particle (Payne et al., 1977) blocking of host protein synthesis appeared similar to that reported for subgroup A baculoviruses (Wood, 1980) . The absence of new proteins synthesized late in the infection and analogous to inclusion body protein was the only major difference observed. This study has shown three areas of difference between O r y c t e s baculovirus, a subgroup C baculovirus, and the more intensively studied subgroup A baculoviruses. These were the absence of naked nucleocapsids, the acquisition of a second unit membrane by those particles budded from the plasma membrane, and the absence of 'late' protein synthesis. Smith & Summers (1982) have shown that certain baculovirus D N A sequences are conserved among many baculoviruses of subgroups A and B and also with the Hz-I baculovirus. It will be interesting to see whether these conserved sequences can be found in O r y c t e s baculovirus.
